HE pathophysiology of syringomyelia related to trauma or arachnoiditis is still incompletely understood. The relevance of arachnoid changes for the development of syringomyelia in these instances has not been widely recognized. Shunting of the syrinx to the subarachnoid, pleural, or peritoneal space is still widely accepted as the treatment of choice for patients with syringomyelia caused by trauma or arachnoiditis. 2, 10, 26, 28, 39, 41, 44 This paper presents a retrospective study conducted at the Nordstadt Hospital in Hannover, Germany, and at the University of California in Los Angeles, California, of patients with syringomyelia associated with posttraumatic or postinflammatory arachnoid scarring who were treated between 1976 and 1995. Based on this retrospective analysis, a concept for the treatment of this patient group was developed and implemented in both departments. The purpose of the present study is to emphasize the important role of arachnoid scarring in the development of neurological symptoms caused by the tethering effect on the spinal cord as well as in the pathophysiology of syringomyelia caused by the interference with cerebrospinal fluid (CSF) flow.
subarachnoid hemorrhage in one patient each. No cause for the inflammatory reaction could be elicited for the remaining 26 patients.
Seventy-eight patients displayed progression of their neurological deficit and underwent a total of 121 surgical procedures (Table 1) . Except for eight anterior cervical fusions for concomitant degenerative disease 30 or posttraumatic spinal instabilities and deformities, the operations were intended to treat the syrinx. Twenty-nine patients have not undergone surgery to date because their neurological status has remained stable, and they are being followed clinically as well as with magnetic resonance (MR) imaging.
Neuroimaging Studies
Preoperative imaging consisted of plain x-ray films of the spine to demonstrate traumatic changes and instabilities, a myelogram using water-soluble contrast materials to demonstrate arachnoid scars, and a conventional gadolinium-enhanced MR image to rule out a spinal cord tumor and to demonstrate the extent of syrinx and arachnoid scarring. Not all patients underwent all of these studies. Before MR imaging was available, myelography with water-soluble contrast materials and delayed computerized tomography (21 procedures) or air myelography (two procedures) were used to demonstrate syringomyelia and arachnoid scarring. For the remainder of the preoperative studies MR imaging was used. If the level and extent of arachnoid abnormalities were in doubt, a myelogram was obtained. Postoperative MR images were obtained before discharge and again at the 6-or 12-month follow-up examination. Further studies were obtained if progressive clinical symptoms developed or if the syrinx did not diminish in size postoperatively. Pre-and postoperative MR images were available after 82 procedures for study of changes in syrinx size; however these studies were conducted by radiologists and not by the authors.
The extent of arachnoid scarring was evaluated using radiographic imaging studies and intraoperative findings and classified in the following way before evaluating the postoperative outcome: Grade I, focal scar without block of contrast on myelography for up to two spinal levels; no previous surgery; no history of meningitis. Grade II, focal scar with block of contrast on myelography for up to two spinal levels; no previous surgery; no history of meningitis. Grade III, extensive arachnoid scarring in excess of two spinal levels or previous intradural surgery; no history of meningitis. Grade IV, extensive arachnoid scarring in excess of two spinal levels with history of spinal meningitis.
Shunt Placement
A hemilaminectomy was performed for placement of a syringosubarachnoid shunt, whereas a two-level laminectomy was generally used for syringopleural and syringoperitoneal shunting. An incision was made in the spinal cord at the dorsal root entry zone or through the thinnest-appearing part of the cord, and a catheter was inserted in a cephalad direction as far as possible without encountering resistance. The catheter was secured to the pia mater or the dura with sutures. Dissection of arachnoid scars, if present at the level of shunting, was not performed in these procedures. Shunting operations were the treatment of choice at both institutions until 1986.
Surgical Methods
Since 1986 in Los Angeles and 1991 in Hannover, a decompression of the subarachnoid space and arachnoid dissection have been performed as the first surgical option. For decompression, a laminectomy was performed for those levels involved with arachnoid scarring. Great care had to be taken during dural opening to prevent injury to the spinal cord because the cord could be directly adherent to the overlying dura. Intraoperative ultrasonography proved helpful in identifying the optimum spot for dural incision. With the aid of an operating microscope, the dura was dissected away from the arachnoid, and the arachnoid as well as the scar were dissected away from the pial surface of the cord using sharp dissection to permit free passage of CSF and to untether the spinal cord. With focal arachnoid scarring (Grades I and II), the arachnoid pathology consisted in most instances of fine, weblike membranous septations partially covering or completely encircling the spinal cord. The spinal cord was not densely adherent to the dura in these cases. Pulsations of the spinal cord were generally attenuated at the level of scarring ( Fig. 1 ). With dissection of the arachnoid from the spinal cord and dura, normal pulsations of the cord reappeared and on several occasions the syrinx even visibly collapsed.
With extensive arachnoid scarring (Grades III and IV), these pathological changes were much more severe. The arachnoid was often thickened to a dense, tough, at times vascularized structure obscuring the underlying spinal cord. In general, only very little or no CSF was able to pass the area of scarring. Pulsations of the spinal cord were absent and it was tightly adherent and tethered to the dura (Fig. 2) . In these cases, to prevent any spinal cord damage or injury to its arterial blood supply, arachnoid dissection was limited to the dorsal surface of the spinal cord. As a result of this strategy, untethering of the spinal cord was rarely achieved; the operation aimed only at providing a free passage of CSF along the scarred area.
The dural opening was closed with a graft using autologous fascia lata (Figs. 1 and 2) or lyophilized dura in 34 instances. In 10 cases, the dura was left open and only the fascia was closed to enlarge the subarachnoid space and to ensure an open low-resistance pathway for CSF flow. For seven patients, arachnoid dissection and decompression were combined with a syringopleural or syringoperitoneal shunt (Table 1) .
Preoperative and Postoperative Assessments
The preoperative status and postoperative clinical course were analyzed according to a grading system for gait, motor weakness, sensory changes, pain, and bladder and bowel function ( Table 2) . 19 Scores between 3 and 5 describe satisfactory to normal functional levels, whereas scores of 0 to 2 indicate disabled to incapacitated function.
Only the most severely affected limb was quantitated. Furthermore, patients were analyzed according to their Karnofsky Performance Scale (KPS) score. 18 Clinical examinations were performed pre-and postoperatively, after 3, 6, and 12 months, and continued annually. Because hospital and outpatient files are archived separately, the preoperative assessment could be performed without the investigator being aware of the postoperative outcome. Successful treatment was defined as sustained clinical improvement or stabilization of neurological symptoms and signs. A recurrence was defined clinically as postoperative neurological deterioration and did not require a concomitant increase in syrinx size.
Statistical Analyses
For statistical analyses Student's t-tests for paired or unpaired variables were used, provided that the Komolgorov-Smirnov test indicated normal data distribution. A difference was considered significant with a probability value of less than 0.05, and means were shown with the standard deviation. Recurrence rates were calculated according to the Kaplan-Meier method. 17 Differences in recurrence rates were considered significant if the log-rank test resulted in a probability value of less than 0.05. For analysis of factors contributing to recurrences, a stepwise multiple regression analysis was performed (level of significance, p Ͻ 0.05).
Results

Preoperative Data
Patient data are listed in Table 3 . The majority of patients with posttraumatic syringomyelia were already neurologically compromised, due to their spinal injury, before symptoms and signs of syringomyelia became evident. ence, clinical presentation in both groups of patients was comparable ( Table 4) .
The majority of spinal syrinx cavities were found rostral to the arachnoid scar. For patients with posttraumatic syringomyelia, the arachnoid scar was located at the level of injury. In 37% the syrinx cavity was found above, in 20% below, and in 43% above as well as below the level of arachnoid scarring. In patients with postinflammatory arachnoid scarring, 42% of syrinx cavities were found above, 25% below, and 33% above as well as below the level of arachnoid scarring (no significant difference as compared to posttraumatic patients). Eight patients with postinflammatory scarring and three posttraumatic patients demonstrated syringobulbia. On average, arachnoid scarring was more severe in the postinflammatory as compared to the posttraumatic group (p Ͻ 0.05).
Surgical Results
Age, length of clinical history, spinal level, and cause of arachnoid scarring did not show a significant independent influence on the probability of a clinical recurrence, although we did observe a trend for slightly worse postoperative outcomes in posttraumatic cases (Fig. 3) . A high clinical recurrence rate was associated with syrinx shunting, severe preoperative arachnoid scarring, multiple previous operations, postoperative arachnoid scarring, postoperative increase in syrinx size, and severe preoperative neurological deficits (multiple regression analysis, p Ͻ 0.01) (Figs. 3 and 4) .
Long-term results for shunting procedures were unsatisfactory. The permanent surgical morbidity rate was 8% and related to the myelotomy. For short-term outcome, syringopleural and syringoperitoneal shunts showed better results than syringosubarachnoid shunts. However, 40 of 61 shunting procedures were followed by a recurrence of symptoms within 2 years, with three more recurrences subsequently. A considerable number of these recurrences were due to mechanical shunt failures (dislocations or obstructions). Kaplan-Meier analysis demonstrated clinical stabilization in only 3% of patients (a recurrence rate of 97%). Results of shunting operations tended to be slightly better for posttraumatic patients without reaching statistical significance (Fig. 3) . Interestingly, results for shunting tended to be better if the shunt was inserted at a spinal level having no arachnoid scarring compared to insertion at a level containing arachnoid scarring (26% and 0% free of recurrence, respectively; not statistically significant). For shunting procedures, no difference in outcome was observed according to grade of arachnoid scarring or whether the shunt had been placed as the first attempt at surgical treatment or as a secondary operation. Complications arising during shunting operations are listed in Table 5 .
After shunting, 49% of postoperative MR studies demonstrated recurrent expansion of the syrinx on follow-up review, 6% were left unchanged, and 45% remained collapsed. Analysis of clinical results showed a tendency for the different clinical scores to decline toward the end of the 1st postoperative year, with the exception of the pain score, which improved significantly during this time. The average KPS score tended to be lower after 1 year as compared to that preoperatively (Table 6) .
Satisfactory long-term results were only obtained with arachnoid dissection and decompression of the subarachnoid space by a fascia lata graft, provided the arachnoid scarring was limited to Grades I and II. We observed a surgical morbidity rate of 4% that was related to arachnoid dissection. Kaplan-Meier analysis revealed clinical stabilization in 83% of these patients: a significant difference compared to shunting from the 10th postoperative month onward (log-rank test, p = 0.04 at 10 months) (Fig. 4  upper) . We observed a trend for higher recurrence rates in patients with a history of spinal trauma compared to patients with no such history, but this difference was not significant (Fig. 3) . If the dura was left open after decompression, a higher recurrence rate of 60% was observed as compared to the rate seen with dural grafting. Because of the small number of patients studied, this difference did not reach statistical significance (Fig. 4 upper) .
In patients with extensive arachnoid scarring (Grades III and IV), results were again rather disappointing. Only 17% of patients attained stabilization with arachnoid dissection and a fascia lata graft (no significant difference compared to shunting), with even worse outcomes for patients with additional shunting or open dura (Fig. 4  lower) .
After arachnoid dissection and dural grafting, 65% of patients with Grades I and II demonstrated a sustained decrease in syrinx size throughout the follow-up period as seen on MR images, whereas no change or recurrent expansion of the syrinx cavity was observed in 12% and 23% of patients, respectively. In patients with Grades III and IV, only 25% of syrinx cavities remained collapsed, with 50% reexpanding and 25% left unchanged with this technique. Clinically, a tendency toward sustained postoperative improvement was seen for sensory deficits, dysesthesias, pain, motor weakness, and gait ataxia leading to a postoperative increase in the average KPS score after 1 year. However, statistical significance was reached for sensory deficits and dysesthesias only (Table 6 ).
Discussion
It has been known for a long time that spinal arachnoiditis or arachnoid scarring may be associated with syringomyelia. 1, 5, 15, 32 However, the pathogenic significance of arachnoid scarring has not been as generally acknowledged, although most authors report arachnoid adhesions at the level of the spinal injury in patients with posttraumatic syringomyelia. 6, 7, 10, 23, 25, 33, 41 Hematomyelia 3, 6, 14, 20, 23, 42, 43 and spinal cord ischemia 3, 7, 11, 24, 29, 31, 43 related to trauma or arachnoiditis are generally believed to cause syringomyelia in these instances. However, hematomyelia and spinal cord ischemia will lead to immediate neurological problems such as myelomalacia and not to a slowly progressing syrinx after years of delay. Furthermore, the development of a syrinx after mild spinal trauma 20, 34 cannot be explained by ischemia or hematomyelia of the spinal cord. Shunting of a syrinx will never reinstitute normal physiological conditions or provide causative treatment. Because the mechanism of syrinx development is left undisturbed, as with any other form of symptomatic treatment, shunting will be susceptible to failure.
We have documented in this paper the association between arachnoid scarring in the spinal canal and syringomyelia. Our results indicate that establishment of a free CSF pathway at the level of arachnoid scarring and untethering of the cord effectively interrupt pathophysiological mechanisms that cause progression or even the development of syringomyelia. 34 Careful examination of MR images, myelography, or postmyelography CT studies will reveal an abrupt change in spinal cord diameter, an irregularly defined spinal cord, a spinal cord adhesion, impaired passage of contrast material, septations in the subarachnoid space, or abnormal flow-void signals at a level adjacent to or along the syrinx, and thus indicate the underlying arachnoid pathology.
A pathophysiological relationship between CSF flow and syringomyelia is supported by neuroradiological 40 and experimental evidence. 8, 38 We suggest that the impairment of CSF flow sets off a series of events that ultimately leads to augmented flow of extracellular fluid 21 and an increase in water content of the spinal cord. 4, 12 The increase in extracellular fluid flow may be visible in the form of fluid pulsations inside the syrinx 27, 36 and may resemble the "slosh" phenomenon described by Williams. 43 
Decompression Versus Shunting
Multiple regression analysis revealed that syrinx shunting, severe preoperative symptoms, extensive arachnoid scarring, previous operations, residual or recurrent cord tethering, and an increase in syrinx size were significant factors that predicted a clinical recurrence. The etiology of arachnoid scarring showed no significant influence on postoperative prognosis, 10, 34 even though posttraumatic patients tended to experience slightly worse outcomes as compared to postinflammatory cases, probably because of the initial spinal cord damage that had occurred with the traumatic incident or additional factors such as kyphotic angulations or spinal instabilities.
In contrast to our study, a number of authors have claimed satisfactory results with syrinx shunting or myelotomy for treatment of syringomyelia associated with arachnoiditis 2, 26, 44 or trauma. 2, 10, 26, 28, 39, 41, 44 The majority of investigators preferred shunts placed in the pleural or peritoneal cavity over subarachnoid shunts. However, the surgical method often was not described in detail, particularly with respect to arachnoid dissection or placement of a dural graft in addition to the shunting procedure, 26, 28, 39, 41 or the criteria for evaluation of outcome were not given. 2, 10, 26, 28, 39, 41, 44 On the other hand, Sgouros and Williams 34 reported frustrating results with any form of syrinx shunting if long-term results were taken into account. Given the limitations in a comparison of results between different authors, the discrepancies between these studies may best be explained by an insufficient follow-up period. The best neurological outcome was achieved in patients with a focal area of arachnoid scarring without prior intradural surgery at that level. After spinal meningitis or multiple attempts at syrinx shunting, severe arachnoid changes over several spinal segments result, which are difficult to dissect without causing morbidity or postoperative retethering. 16, 22, 23, 35 34 left the dura open after arachnoid dissection in eight patients with favorable results in seven. Shikata, et al., 37 used lyophilized dura for dural grafting and added a posterior fusion of the affected spinal levels, claiming good results for 80% of patients. Dolan 9 performed arachnoid dissection and a duraplasty in 41 patients with arachnoiditis and reported a good outcome for 15 patients, a fair outcome for 19, and a poor outcome for the remaining seven. Edgar and Quail 10 reported excellent results for 150 patients with posttraumatic arachnoid scarring using arachnoid dissection followed by a generous dural graft (mostly fascia lata), which they anchored laterally to the paraspinal tissue to prevent recurrent scarring.
Surgical morbidity and complication rates were low for decompressive surgery (Table 5 ), but we emphasize that arachnoid dissection must be performed with great care using microsurgical techniques. 10 In a patient with severe preoperative deficits and an atrophic spinal cord at the level of the arachnoid scar the dissection does carry considerable risks, particularly if complete untethering of the cord is attempted. 13 Every surgical attempt at arachnoid dissection and untethering of a spinal cord carries the risk of retethering or even aggravation of the arachnopathy. We attribute a satisfactory outcome to successful limitation of postoperative arachnoid scarring and a permanently free CSF pathway around an untethered cord by means of the dural graft (Fig. 4) . If the subarachnoid space was not enlarged with a graft, if a foreign body such as a shunt tube was inserted, 34 or if proteinaceous substances leaking from the musculature were allowed to enter the subarachnoid space via an open dura, 10 the arachnopathy was often aggravated, defeating the objective of the operation with recurrent obstruction of CSF flow and spinal cord tethering. Our experience leads us to suggest that spinal cord tethering alone may cause severe and progressive neurological deficits despite a decompressed subarachnoid space and a collapsed syrinx. 10 
Treatment Concept
The realistic goal of surgical treatment is stabilization of the patient's neurological status. Therefore, patients with posttraumatic or postinflammatory arachnoid scarring and syringomyelia are candidates for surgery as soon as neurological symptoms start to progress. For focal
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